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Edited by Peter BrzezinskiAbstract The redox potential of cytochrome b559 (Cyt b559) in
the D1–D2–Cyt b559 complex from spinach has been determined
to be +90 ± 2 mV vs. SHE at pH 6.0, by thin-layer cell spectro-
electrochemistry for the ﬁrst time. The redox potential, corre-
sponding uniquely to the so-called ‘‘low-potential form’’,
exhibited a sigmoidal pH-dependence from pH 4.0 to 9.0, rang-
ing from +115 to +50 mV. An analysis of the pH-dependence
based on model equations suggests that two histidine residues
coordinating to the heme iron in the protein subunits may exert
electrostatic inﬂuence on the redox potential of Cyt b559.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Cytochrome b559 (Cyt b559), consisting of two small poly-
peptides a- (9 kDa) and b-subunits (4 kDa) and a heme iron,
is associated with photosystem II (PS II) [1] and appears to
play some role in the PS II photochemistry, since it is tightly
bound to the core D1/D2 subunits [2]. However, the exact
function of Cyt b559 is still equivocal. Several hypotheses have
been put forth for its function, of which the most general idea
is that Cyt b559 may participate in a side electron pathway
protecting PS II from photoinhibition [3].
One of the key parameters for clarifying the role of Cyt b559
in the electron transfer events is its redox potential. However,
the reported Cyt b559 redox potential values exhibit a heavy
scatter to date, and their pH-dependencies are also far from
being consistent with each other [4–17]. In addition, Cyt
b559 shows such a peculiar physicochemical property that it
exists in three diﬀerent forms, called a high-potential (HP)
form with a redox potential of +360–+440 mV [4–13], an inter-
mediate-potential (IP) form with +170–+310 mV [5–9,13], and
a low-potential (LP) form with +25–+150 mV [4–17]. Cyt b559
in the integral PS II complex may take two or three forms [4–
13], while only the LP form is detected in the D1–D2–Cyt b559bbreviations: cyt b559, cytochrome b559; HP, IP and LP form, high-
ntermediate- and low-potential form; PS II, photosystem II; OTTLE
ptically transparent thin-layer electrode; PMS, N-methyl phenazoni
m methosulfate; MES, 2-[N-morpholino]ethanesulfonic acid; Tris, 2
mino-2-hydroxymethyl-1,3-propanedio; Chl, chlorophyll; Phe, pheo
hytin; b-Car, b-carotene
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-ieties. Pucomplex [8,14,16]. Whereas the redox potential of the HP form
appears to be pH-independent [6,8,11,12], that of the LP form
may depend on pH [4,8,11], though the extent of potential
change against pH has been reported variously. Further, while
the existence of the three forms has been explained as arising
from protonation/deprotonation or hydrogen bonding around
the heme iron [2,4,11] or binding of plastoquinone/plastoqui-
nol [18], no consensus has yet been reached.
Such a confusion surrounding the redox property of Cyt
b559, a typical example being the reported potential of +57
[17], +73 [11] and +81 mV [10] for ‘‘the LP form at pH 6.0’’,
together with the inconsistency in its pH dependence, prevents
us from discussing the electron transfer issues involving Cyt
b559 in detail. Roncel et al. suggested that a single histidine
residue inﬂuences the redox potential of Cyt b559 on the basis
of its pH-dependence in PS II-enriched membranes [11]; how-
ever, the experimental data do not seem to ﬁt well to a model
equation. This situation may have resulted at least partly from
the limited accuracy of chemical titration that has traditionally
been used to measure the redox potential.
These considerations have incited us to study, for the ﬁrst
time, the redox potential of Cyt b559 in the D1–D2–Cyt
b559 complex by spectroelectrochemistry with an optically
transparent thin-layer electrode (OTTLE) cell, where the po-
tential is strictly controlled with a potentiostat and the attain-
ment of redox equilibrium is rapid enough and easily ensured
by observing absorbance changes during potential journeys.
An excellent performance of this technique had been veriﬁed
by applying it to the determination of the redox potential of
P700, the primary donor of PS I, to obtain the potential value
within an error range of ±2 mV [19,20]. The pH-dependence of
the Cyt b559 redox potential has also been examined in this
work, and the acquired result is discussed using a model invok-
ing the electrostatic eﬀect of ionizing group(s) surrounding the
heme of Cyt b559.2. Materials and methods
2.1. Sample preparation
The D1–D2–Cyt b559 complexes were isolated from spinach by the
method of Nanba and Satoh [21]. The purity and integrity of the iso-
lated complexes were examined by SDS–PAGE and reversed-phase
HPLC, respectively.
2.2. Spectroelectrochemistry
The general procedure of spectroelectrochemistry is essentially the
same as that in previous work [19,20]. A laboratory-designed OTTLE
cell (optical path length: ca. 180 lm, eﬀective volume: 250 lL) with a
gold mesh electrode surface-modiﬁed with 4,4 0-dithiodipyridine (Al-blished by Elsevier B.V. All rights reserved.
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T. Shibamoto et al. / FEBS Letters 582 (2008) 1490–1494 1491drich) to prevent the D1–D2–Cyt b559 complex from adhering [22], a
Pt wire counter electrode, and an Ag–AgCl (in sat. KCl) reference elec-
trode were employed for the measurements. In what follows the elec-
trode potential is referred to the standard hydrogen electrode (SHE).
The thin-layer cell spectroelectrochemistry was carried out at 4 C
using a dual-wavelength spectrophotometer (V560/JASCO, Japan)
and the electrode potential was controlled with a potentiostat Model
2020 (Toho Technical Research, Japan). The prepared D1–D2–Cyt
b559 complexes were suspended at a Chl a concentration of 120 lM
with a buﬀer, 0.2 M KCl as a supporting electrolyte, 0.2% dodecyl-
b-D-maltoside as a surfactant, and a combination of redox mediators:
60 lM N-methyl phenazonium methosulfate (PMS, E0 0 = +80 mV),
120 lM hydroquinone (E0 0 = +270 mV), and 60 lM ferricyanide
(E0 0 = +430 mV). As pH buﬀers, acetic acid–sodium acetate (for pH
4.0–5.5), 2-[N-morpholino]ethanesulfonic acid (MES)-NaOH (for pH
5.5–6.5), 2-amino-2-hydroxymethyl- 1,3-propanediol (Tris)–HCl (for
pH 6.5–9.0) were used at 50 mM.400 500 600 700
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3.1. Sample characterization
The protein composition of the samples, as analyzed by
SDS–PAGE, showed the bands of D1–D2 aggregate, D1, D2
and Cyt b559 [21]. The chlorophyll (Chl) a/pheophytin (Phe)
a/b-carotene (b-Car) molar ratio in the D1–D2–Cyt b559
complex, as determined by reversed-phase HPLC, was
6.4 ± 0.3:2.0:1.1 ± 0.4 (n = 8). Compared with the authentic
ratio of 6:2:2 for the D1–D2–Cyt b559 complex [23], less than
one molecule of b-Car has been lost probably during sample
preparation. Below we present and discuss the experimental
results on an assumption that the partial loss of b-Car does
not aﬀect signiﬁcantly the redox property of the Cyt b559 in
the D1–D2–Cyt b559 complex.Wavelength / nm
Fig. 1. Absorption spectrum of D1–D2–Cyt b559 sample in the
OTTLE cell at 4 C (A) and the oxidized (+400 mV)-minus-reduced
(100 mV) diﬀerence spectrum (B).3.2. Redox potential of Cyt b559
The absorption spectrum of the D1–D2–Cyt b559 complex
in the OTTLE cell shown in Fig. 1A was almost the same as
that reported by Nanba and Satoh [21] except for the Soret re-
gion where the absorption of the PMS, one of the redox medi-
ators, is overlapped. Fig. 1B shows the oxidized-minus-
reduced diﬀerence spectrum where the spectrum of the D1–
D2–Cyt b559 complex at +400 mV was subtracted from that
at 100 mV. The diﬀerence spectrum is essentially the same
as the reported light-minus-dark diﬀerence spectra of Cyt
b559 in PS II complexes [2], and no remarkable absorbance
change due to other components in PS II is noted. Therefore,
spectrum B should represent the redox change of Cyt b559
alone in the D1–D2–Cyt b559 complex. Though the absor-
bance change at 430 nm was much larger than that at
559 nm (Fig. 1B), the latter was monitored below because
the former was contaminated by the spectral change of PMS.
Fig. 2 displays the absorbance changes at 559 nm (DA559)
during potential journeys for the D1–D2–Cyt b559 sample
solution at pH 6.0. When Cyt b559 was oxidized by applying
an anodic potential after thorough reduction at
E = 100 mV, the value of DA559 decreased rapidly and
reached a almost steady state within 120 s. In the potential
journeys for low electrode potentials of 0 and +25 mV, we
have conﬁrmed that redox equilibration was reached in around
180 s. Returning the electrode potential to E = 100 mV in-
duced return of DA559 to the initial baseline within 100–
150 s, and this demonstrates that redox process of Cyt b559
is completely reversible. These potential journeys were carriedout not only in the oxidative direction but also in random or-
der. Also, all the potential journeys were repeated after a series
of measurements to conﬁrm the reproducibility of the absor-
bance changes. The reversibility was maintained for several
hours as long as the measurements were conducted out at
4 C. The absorbance change at 559 nm for an applied poten-
tial of +400 mV (DA559 = 6.2 · 103, Fig. 1B) was almost the
same as that at +300 mV (DA559 = 6.2 · 103, Fig. 2), showing
that Cyt b559 was fully oxidized at +300 mV.
Based on the DA559 values at electrochemical equilibrium for
a series of electrode potentials (Fig. 2), two types of Nernstian
plots were constructed (Fig. 3A and B). Fig. 3A gave a slope of
+55.7 ± 2.6 mV/decade (for four independent samples), being
close to +54 mV/decade expected for a reversible one-electron
process at 4 C. Fig. 3B is a titration-type display of the exper-
imental points. From these results we can conclude that Cyt
b559 in the D1–D2–Cyt b559 complex possesses a single redox
potential of +90 ± 2 mV at pH 6.0, and exhibits no other redox
behavior at potentials ranging from 100 to +400 mV.
3.3. pH-dependence of Cyt b559 redox potential
The redox potentials of Cyt b559 measured at various pH
values are summarized in Fig. 4. The nice data coincidence
at pH 5.5 and 7.0, the buﬀer switching points, indicates that
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Fig. 2. Absorbance changes at 559 nm during potential journeys for
D1–D2–Cyt b559. The electrode potential was stepped from 100 mV
to a value indicated, and then returned again to 100 mV.
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Fig. 3. Nernstian plots for the redox reaction of Cyt b559 at pH 6.0
based on DA559 values in Fig. 2. The line in A and the curve in B
denotes a theoretical one-electron process with a decadal slope of 2.303
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Fig. 4. pH-dependence of the redox potential of Cyt b559 in
CH3COOH–CH3COONa buﬀer (h), MES–NaOH buﬀer (s) and
Tris–HCl buﬀer (¤). The dashed curve represents Eq. (1) with
pKox = 5.9 and pKred = 7.1, and the solid curve represents Eq. (2)
with pKox1 = 5.3, pKred1 = 5.6, pKox2 = 6.3 and pKred2 = 7.1 (see text
for details).
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tential value. In going from pH 4.0 to 9.0, the redox potential
of Cyt b559 shifted in a negative direction. If protonation/deprotonation is directly accompanied by the redox reaction
of the heme iron in Cyt b559, the pH-dependence should be
linear with a slope of 54 mV/DpH. However, the observed
pH-dependence is much weaker and sigmoidal as was often
observed in cytochromes [11,24–26]. In such cases electrostatic
eﬀects, in which the proton aﬃnity is lower for the oxidized
state and higher for the reduced state of a redox center, should
be considered, and the proton should associate with ionizing
group(s) on the protein rather than the redox center itself [27].
Here we attempt to analyze the observed pH-dependence
with the model equations, based on the electrostatic consider-
ation, presented by Clark [28, and cited in 27], assuming that
either a single ionizing group or double ionizing groups within
the protein inﬂuence(s) the redox behavior of Cyt b559. The
model for a single ionizing group with two diﬀerent pKas for
the oxidized and reduced heme iron (pKox and pKred, respec-
tively) is described by the following equation:
E00 ¼ E00pH 4  54 logðKox þ ½HþÞ=ðKred þ ½HþÞ ð1Þ
where E00pH 4 is the redox potential of the oxidized form
(E00pH 4 ¼ þ115:3 mV). The values of Kox and Kred were esti-
mated from the experimental result (the kinks of the dash-
and-dotted line) [25] as Kox = 1.58 · 106 M (pKox = 5.8) and
Kred = 7.94 · 108 M (pKred = 7.1). A theoretical curve for
Eq. (1) (dashed curve in Fig. 4) drawn with these values or
any parameters close to these, cannot be ﬁtted to the observed
pH-dependence.
On the other hand, the model equation for double ionizing
groups, each having two diﬀerent pKas, is written as the fol-
lowing formula:
E00 ¼ E00pH4  54 logð½Hþ2 þ Kox1½Hþ þ Kox1Kox2Þ=ð½Hþ2
þ Kred1½Hþ þ Kred1Kred2Þ ð2Þ
where Kox1 and Kred1 are the ionization constants for one ion-
izing group, and Kox2 and Kred2 are those for the other. Assum-
ing the values of Kox1 = 5.50 · 106 M (pKox1 = 5.3),
Kred1 = 2.29 · 106 M (pKred1 = 5.6), Kox2 = 4.57 · 107 M
(pKox2 = 6.3) and Kred2 = 7.59 · 108 M (pKred2 = 7.1), the the-
oretical curve (solid curve in Fig. 4) exhibits a satisfactory ﬁt to
the observed results.
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The redox potential of Cyt b559 in the D1–D2–Cyt b559
complex from spinach was determined to be +90 mV ± 2 mV
at pH 6.0 for four independent samples by thin-layer cell spec-
troelectrochemistry (Fig. 3). The error range is far superior to
that in chemical titrations, where it often exceeds ±10 mV. No
other redox behaviors of Cyt b559 were observed, and since the
redox potential of the LP form has been reported to be +25–
+150 mV [4–17], our results suggest that only the LP form
exists in the D1–D2–Cyt b559 complex.
It is known that Cyt b559 has such a peculiar physicochem-
ical property as existing in three diﬀerent forms called HP, IP
and LP [5–9,13], and the relative abundance of these forms ap-
pears to depend on sample treatments. HP form is especially
unstable and its relative amount varies from 50% to 90% in in-
tact PS II complexes; such treatments as elevated temperature,
detergent and salt washing, alkaline pH, and sample aging in-
duces the conversion of HP form to LP form [4,5,8,10,11]. In
contrast, the LP form alone is reported to exist in the D1–
D2–Cyt b559 complexes [8,14,16]. We hence have supposed
that the use of the D1–D2–Cyt b559 complex is appropriate
for studying the redox property of the single form of Cyt
b559. The results in Fig. 4 deﬁnitely shows that Cyt b559 in
the D1–D2–Cyt b559 complex is exclusively in the LP form
(generally E0 0 = +25–+150 mV) at the whole pH region from
4.0 to 9.0, and this enabled us to study in detail the pH-depen-
dence of the redox potential of Cyt b559.
Our analysis of the pH-dependence of the Cyt b559 redox
potential (Fig. 4) with model equations strongly suggests that
the redox behavior of the heme iron is electrostatically inﬂu-
enced by double ionizing groups within the protein subunits
of Cyt b559. Though a similar analysis carried out for the
pH-dependence of the redox potential of LP form Cyt b559
in PS II-enriched membranes [11] concluded that Cyt b559
had a single ionizing group inﬂuencing its redox potential,
the experimental data by chemical titration does not seem to
ﬁt well to either model equation. It is indispensable to acquire
suﬃciently accurate potential data, as those shown in Fig. 4, in
order to discuss the pH-dependence of the redox potential
resorting to model equations.
The variation of the redox potential between pH 5.0 and
8.0 (Fig. 2) also suggests that the ionizing group in question
is a histidine residue, whose acid dissociation equilibrium oc-
curs in the neutral pH region. Further, a recent X-ray crystal-
lographic observation of Thermosynechococcus elongatus core
complexes [29] reveals the presence of two histidine residues
coordinating to the heme iron, with distances 2.0 A˚ (a-sub-
unit) and 2.4 A˚ (b-subunit) from the N1–H atom to the heme
iron, respectively. We therefore suppose that the two histidine
residues exert an electrostatic inﬂuence on the redox property
of the heme iron of Cyt b559 in the D1–D2–Cyt b559 com-
plex from spinach. The diﬀerence in the pKa values, as esti-
mated in the curve ﬁtting, between two histidines may be
caused by the surrounding amino acid residues in the protein
subunits.
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